Severe internal carotid artery (ICA) stenosis or occlusion is an important cause of stroke 1 and may be associated with various degrees of haemodynamic impairment. 2 3 Recent research 4 has demonstrated that carotid artery disease is a signi®cant predictor of postoperative stroke after coronary artery bypass surgery. One can postulate that perioperative ischaemic stroke in patients with ICA stenosis or occlusion may be, in part, explained by cerebral hypoperfusion. This cerebral hypoperfusion is most likely the result of systemic hypotension, either as a result of massive haemorrhage or to the effect of drugs administered during the procedure. The effects of perioperative systemic haemodynamic impairment on cerebral perfusion and the outcome of such patients have not yet been fully investigated. However, new technological advances are making these investigations possible.
Diffusion and perfusion weighted imaging (DWI and PWI) are two relatively new modalities of magnetic resonance imaging (MRI). DWI has been well established as a reliable non-invasive method for the early detection of cerebral ischaemic stroke. 5 6 Even before lesions become apparent on conventional images, DWI can detect abnormalities within minutes after the onset of ischaemia in animal models of stroke. 7±9 With DWI, the signal intensity in ischaemic brain regions appears high because the diffusion coef®cient of water is reduced, likely because of the formation of cytotoxic oedema. 10 11 This can be quanti®ed by the calculation of apparent diffusion coef®-cient (ADC) images. 12 13 PWI uses gradient echo imaging to follow a fast bolus injection of magnetically susceptible contrast agent. Following ischaemia, perfusion de®cits can be observed as decreases in contrast bolus transit.
Three hypotheses formed the basis of the present study. First, it was postulated that intracerebral haemodynamic disturbance can be detected by DWI and PWI, not only qualitatively but also quantitatively. To date, DWI and PWI have been used in experimental animal studies using the middle cerebral artery occlusion model. 14 There have been few investigations that use DWI and PWI to document the changes that occur with incomplete cerebral ischaemia. Secondly, if these MRI modalities can detect the spatial evolution of cerebral ischaemic lesions, then perhaps a relationship between lesion volume and mortality could be established. As yet, despite the high mortality rate of perioperative stroke, 15 there are no reliable indicators which can predict mortality as a result of cerebral ischaemia. Finally, DWI should be able to predict the severity of cerebral ischaemic injury. In experimental studies, the extent of cerebral ischaemic injury is evaluated histopathologically by examination of speci®c brain slices. Thus, if the cerebral ischaemia detected by DWI re¯ects the severity of cerebral injury, a relationship between the ischaemic lesion seen on DWI and histopathologic diagnosis may exist.
Methods
This project was approved by, and followed the guidelines published by, the Animal Care and Use Committee of Tokyo Medical and Dental University.
Animal preparation
Eighteen adult male Sprague±Dawley rats weighing between 330 and 400 g were used. Anaesthesia was induced with 4% iso¯urane in a Plexiglas chamber. The concentration of iso¯urane was then reduced to 1.5%, and 1% lidocaine was injected locally for analgesia. Under an operating microscope, the bifurcation of the right common carotid artery was exposed through a midline neck incision and was ligated in duplicate with 3-0 silk surgical thread. A polyethylene catheter (PE-50) was introduced into the right femoral vein for drug infusion. Physiologic saline solution at 4 ml kg ±1 h ±1 was administered i.v. throughout the study. Two PE-50 catheters were introduced into femoral arteries on both sides. One arterial catheter was used for continuous arterial pressure monitoring and the other was used for blood withdrawal and arterial blood sampling. After tracheal intubation, each rat was ventilated with 40% oxygen and the ventilatory frequency was controlled to maintain a Pa CO 2 of approximately 40 mm Hg except during exsanguination. The ventilatory frequency was not changed during exsanguination, and a relative hypocapnoea was allowed to develop because frequent arterial blood sampling, which is necessary to maintain normocapnea, would have made it dif®cult to maintain the pre-set mean arterial pressure.
Experimental procedure
After placing the animals supine in the probe, anaesthesia was maintained with 1.5% iso¯urane in 40% oxygen. The rat's body temperature was monitored with a rectal probe, and maintained at 37.5 (0.5)°C using a water-circulating heating pad during the MRI study. Details of the MRI study and the data analysis are given in the Appendix. After animal positioning and shimming, a set of baseline DWIs was acquired.
The animals were randomly allocated to three groups according to mean arterial pressure (MAP) (35, 42, and 50 mm Hg groups, n=6 each) maintained for 30 min by blood withdrawal. Arterial blood was withdrawn through one of the femoral arterial catheters to the pre-set MAP to induce intracerebral haemodynamic disturbance. Fluctuation of 61 mm Hg from the target arterial pressure was allowed. DWIs were commenced at 10 min after the MAP reached the pre-set value. After 30 min of the ischaemic period, a paramagnetic nuclear magnetic resonance contrast agent (0.5 mmol kg ±1 gadolinium diethylenetriamine pentaacetic acid; Magnevist, Berlex, USA) was rapidly injected into the right femoral vein. Acquisition of PWIs began approximately 20 s before contrast injection and continued for a total of 80 images. After the completion of PWIs, the withdrawn blood was re-administered i.v. for approximately 10 min. Post-ischaemic DWIs were acquired at 0 and 30 min after completion of the administration of the withdrawn blood.
After extubation, the animals were kept in an oxygen-rich chamber. Their rectal temperature was maintained at 37.5 (0.5)°C using a water-circulating pad for 3 h. They were then released into their home cage.
Arterial blood samples were collected at baseline and 10 min after the completion of the re-infusion of the withdrawn blood. Other arterial blood samples were collected as needed. Samples were analysed on a laboratory blood gas analyzer (STAT pro®le 5Ô gas analyzer, NOVA Biomedical, USA). Metabolic acidosis was treated by the i.v. administration of sodium bicarbonate.
De®nition of lesion area (volume) and low perfusion area
The ischaemic lesion area and the low perfusion area were de®ned arbitrarily as the pixels in which the ADC, relative cerebral blood volume (rCBV), and relative cerebral blood ow (rCBF) value decreased to less than a predetermined threshold on each map. Calculation of ADC, rCBV, and rCBF are given in the Appendix. The threshold was set at 500310 ±6 mm 2 s ±1 on ADC map, 16 17 50% of the mean rCBV and rCBF of the left (contralateral) hemisphere on rCBV map and rCBF map, respectively. The lesion area on the ADC map and the low perfusion area on the rCBV and the rCBF map (ADC lesion area, low rCBV area, and low rCBF area, respectively) were calculated by multiplying the number of these pixels by the area of one pixel. Lesion volume of ischaemic injury was determined by integration of the ADC lesion areas for the nine slices (ADC lesion volume).
Histopathology
Neurohistopathology was rated in those rats that survived for 3 days following the MRI study. After each rat was anaesthetized with iso¯urane, the chest was opened, and the brain was perfused by transcardial perfusion with 20 ml of isotonic saline followed by 20 ml of 10% buffered formalin. The brain was then removed and stored in 10% formalin for 1 week. The brain was cut into coronal blocks and embedded in paraf®n, and 6-mm sections were sliced and mounted on slides. The slides were stained with hematoxylin and eosin and examined using light microscopy. The examiner was blinded to the results of the MRI study.
Neuronal histopathology was evaluated in the coronal section at the level of the caudate nucleus (8.6±9.7 mm anterior to the interaural line 18 ). The ischaemic damage of this section had been evaluated by ADC map, rCBV map, and rCBF map. Neuronal damage was graded on a ®ve-point scale with the following markers:
19 0=no observable neuronal death; 1=scattered neuronal death; 2=small focal damage in caudate and cortical areas; 3=large infarcts involving 50% of ischaemic hemisphere; and 4=total hemisphere infarct.
Statistical analysis
MAP, arterial blood gas data, blood glucose concentration, rectal temperature, and ADC lesion volumes were analysed using two-way repeated measures analysis of variance followed by the Tukey multiple comparison test. Baseline, 10 min after MAP reached the pre-set value, and 10 min after the completion of blood reinfusion, MAP and rectal temperatures were compared. Low rCBV area and low rCBF area were compared among the groups using one-way analysis of variance followed by the Tukey multiple comparison test. The relationships between ADC lesion area and low rCBV area and between ADC lesion area and low rCBF area on the slice including the caudate putamen were analysed using linear ®tting. ADC lesion volume was compared between surviving and dead animals using the Mann±Whitney U test because D'Agostino-Pearson test revealed that the spread and skew of data made parametric statistics inappropriate. Statistical signi®cance was established at the P<0.05 level. 
Results
The MRI study was performed without any serious complications. The amount of blood volume which was required to be withdrawn until the MAP reached the pre-set value in the 35 mm Hg group (8.4 (0.9) ml, P<0.01) was signi®cantly greater than in the 42 mm Hg group (6.5 (0.6) ml) and the 50 mm Hg group (4.5 (0.9) ml). Five rats in the 35 mm Hg group and one rat in the 42 mm Hg group died over the 3-day observation period. MAP in the 35 mm Hg group was signi®cantly lower than in the 42 mm Hg group (P<0.05) and in the 50 mm Hg group (P<0.01) at 10 min after the completion of the blood reinfusion (Table 1) . Both arterial pH and base excess (BE) were also signi®cantly lower in the 35 mm Hg group than in the other two groups during the reinfusion period (P<0.01). Blood glucose concentration in the 35 mm Hg group was lower than in the 50 mm Hg group (P<0.01) at re-infusion, but no signi®cant difference was found between the 35 mm Hg and 42 mm Hg groups. Twelve rats (6, 5, and 1 rats in the 35, 42, and 50 mm Hg groups, respectively) needed i.v. sodium bicarbonate. Their arterial pH and BE were con®rmed to be within normal limits at the end of the MRI study (pH 7.40 (0.05), BE ±1.4 (1.7) ).
At baseline, neither DWIs nor ADC maps documented any abnormal regions in any of the rats. Representative DWI, ADC map, rCBV map, and rCBF map during exsanguination in the 35 mm Hg group are shown in Figure 1 . These representative data indicate that: DWI revealed increased signal intensity in most regions of the right hemisphere; a clear reduction in the ADC value was evident in these regions; the low intensity region on the ADC map corresponded well with that of the rCBF map; however, the rCBV map showed a smaller region with a low rCBV value (Fig. 1) .
There was no signi®cant difference in ADC lesion volume among the groups at baseline. In the ipsilateral hemisphere, ADC lesion volumes during exsanguination in the 35 mm Hg group and in the 42 mm Hg group (417 (111) and 87 (84) mm 3 , respectively) were signi®cantly larger than at baseline (P<0.01 and P<0.05, respectively) (Fig. 2) . There was no signi®cant difference in ADC lesion volumes 
and at 0 min after the completion of blood re-infusion were signi®cantly larger than in the 42 and 50 mm Hg groups (P<0.01), but there was no signi®cant difference between the 42 and 50 mm Hg groups at any time point. After blood re-infusion, ADC lesion volume decreased in all groups and there was no signi®cant difference compared with baseline. Smaller sequential changes in ADC lesion volumes were observed in the contralateral hemisphere (Fig. 2) . Linear regression analyses demonstrated that there were signi®cant linear relationships between ADC lesion area and low rCBV area (r=0.73, P<0.01) and also between ADC lesion area and low rCBF area (r=0.85, P<0.01) on the slice including the caudate putamen (Fig. 4) .
Of note, the ADC lesion volume during exsanguination was signi®cantly larger in the six rats (median 421 mm 3 (range 205±476 mm 3 ), P<0.005) that died within 3 days than in the 12 rats that survived (median 26 mm 3 (range 3±517 mm 3 )). In addition, there was a signi®cant difference in the ADC lesion volume 30 min after re-infusion of the withdrawn blood between the animals that died within 3 days (median 17 mm 3 (range 2±53 mm 3 ), P<0.05) and the animals that survived (median 4 mm 3 (range 2±11 mm 3 )) (Fig. 5) .
Histopathological analysis was performed in the 12 rats that survived for 3 days following the MRI study. Of the 12 animals, two animals had a neuronal damage score of 0 (one from the 42 mm Hg group and one from the 50 mm Hg group), eight had a neuronal damage score of 1 (four from the 42 mm Hg group and four from the 50 mm Hg group), and two had a neuronal damage score of 2 (one from the 35 mm Hg group and one from the 50 mm Hg group). No animals had a neuronal damage score of 3 or 4. The histopathology of the rats with a score of 1 or 2 demonstrated neuronal death (Fig. 6 ) predominantly in the border zone area. Figure 7 shows the relationship between the ADC lesion area of the speci®c coronal slice including the caudate putamen and the neuronal damage score. The ADC lesion areas clearly showed a two-part distribution depending on the score. ADC lesion areas of the animals that died or showed a neuronal damage score of 2 were more than 14 mm 2 . In those animals whose neuronal damage score was 0 or 1, the ADC lesion areas were less than 11 mm 2 . Moreover, in those animals that survived, the ADC map at 30 min after the completion of the blood re-infusion displayed a very small lesion area (less than 0.6 mm 2 ) on the slice including the caudate putamen.
Discussion
We ligated the right common carotid artery in rats and induced an intracerebral haemodynamic disturbance by exsanguination. The resulting incomplete cerebral ischaemia was successfully imaged using DWI and PWI. Lesion volume based on DWI and low perfusion area calculated from PWI signi®cantly increased as the exsanguination evolved. ADC maps demonstrated larger ischaemic lesion volumes in the animals that died within 3 days than in those that survived. A larger ADC lesion area correlated well with Intracerebral haemodynamic disturbance and MRI a more severe outcome (death or worse neuronal damage score).
By combining DWI and PWI in this study, we were able to show that there were signi®cant linear relationships between the ADC lesion area and low rCBF area, and between ADC lesion area and low rCBV area on the slice including the caudate putamen. The ®rst relationship suggests that these ischaemic lesions caused by low cerebral perfusion enlarged as the exsanguination evolved. Furthermore, our ®ndings suggest that ADC mapping could be used not only to detect intracerebral haemodynamic disturbances qualitatively, but also to quantify them. In fact, with the ADC lesion volume (area) de®ned using a predetermined threshold, 16 17 the spatial evolution of the cerebral ischaemic injury was clearly demonstrated as the exsanguination evolved. The linear relationship between the ADC lesion area and low rCBV area suggests that cerebral vasodilation had become maximal and that the vessel had already begun collapsing when the ischaemic lesion was detected on the ADC map. The different behaviour against cerebral perfusion pressure (CPP) between rCBV and rCBF 2 20 may partially explain smaller low rCBV area than low rCBF area in the representative rat (Fig. 1) .
In our study, we varied target arterial pressure (35, 42, or 50 mm Hg) to create various degrees of cerebral ischaemic injury. As expected, lesion volume based on the ADC map showed wide variation among the animals. When we compared the results of those animals that died within 3 days with those that survived, there was a signi®cant difference in ADC lesion volume, with surviving animals having smaller lesions. It would appear that ADC lesion volume re¯ects the spatial evolution of cerebral ischaemia and thus correlates with the severity of the cerebral injury. Large lesions may have been the crucial factor that resulted in the death of the animals.
ADC lesion volume after blood re-infusion was also compared between those animals that died within 3 days and those that survived. Regions with low ADC values after reperfusion are likely to infarct, because they re¯ect tissues with irreversible ischaemic damage. This has been documented in the transient middle cerebral artery occlusion model. 7±9 In 10 of the 12 animals that survived, the histopathological analyses demonstrated neuronal damage but not pannecrosis. The fact that these animals also showed very small ADC lesions area (less than 0.6 mm 2 ) on the slice including the caudate putamen at 30 min after blood reinfusion supports the assumption that the cerebral ischaemia was not severe in such animals. The cerebral injury was mostly reversible, although damaged neurones were seen predominantly in the border zone area. When ADC lesion areas on the speci®c coronal slice were compared to the neuronal damage scores, there seemed to be a threshold of ADC lesion area (14 mm 2 ) over which a more severe outcome (death or neuronal damage score 2) was likely. The relationship between the ADC lesion area and the neuronal damage score observed in the present study suggests that ADC mapping may be useful in predicting histopathological outcome in animals that survive intracerebral haemodynamic disturbance. It was also observed that a signi®cantly lower MAP in the 35 mm Hg group occurred after re-infusion of the withdrawn blood (Table 1 ). This may in part be explained by the occurrence of a more severe metabolic acidosis in this group. However, as the acid±base abnormality returned to near normal at the end of the MRI study, the effect of transient metabolic acidosis on outcome may be small. It was also noted that a difference in blood glucose concentration occurred among the groups following the blood reinfusion (Table 1 ). This may be explained by the fact that signi®cantly more blood was withdrawn in the 35 mm Hg group. Blood glucose may have been partly glycolysed by erythrocytes 21 and the re-infused blood may have diluted the existing blood glucose of the rats in the 35 mm Hg group. However, as the outcome of the animals in the 35 mm Hg group was the worst despite the lower blood glucose concentration, the impact on outcome of the difference in blood glucose concentration may not be substantial.
Presently, MRI systems are being developed both for clinical use and for intraoperative use during neurosurgical procedures performed under general anaesthesia.
22±24
Already, DWI can be performed to determine whether cerebral ischaemia or infarction has occurred following completion of the procedure before the patient leaves the operating room. 25 The results of the present study suggest that intraoperative DWI and PWI could potentially be used to detect early abnormalities of intracerebral haemodynamics and thus alert the surgeon to the occurrence of cerebral ischaemia as a result of compromised CBF. This would facilitate the introduction of brain protective measures, such as hypothermia. In addition, intraoperative MRI could potentially become a decision-making tool for the neurosurgeon. For example, the decision as to whether or not to insert a shunt during carotid endarterectomy could depend on the results of intraoperative MRI.
However, intraoperative DWI and PWI techniques as they stand are not yet ready for clinical detection of intraoperative cerebral ischaemia or prediction of mortality and outcome in patients. The development process towards clinical application will require several problems to be overcome. First, the cost of the complete system of intraoperative MRI must be markedly reduced before widespread use becomes possible. MRI-compatible surgical instruments including titanium forceps, titanium scissors, and titanium retractors are required, and anaesthesia machines and monitors should also be MRI compatible. Secondly, the size of the MRI scanner must be reduced to allow surgeons to obtain optimal access to patients. However, this should not be achieved at the expense of homogeneity of the magnetic ®eld or function of the MRI system. Lastly, the abilities of DWI and PWI to detect incomplete cerebral ischaemia and to predict mortality and outcome must be validated in humans.
In conclusion, DWI and PWI both qualitatively and quantitatively delineated intracerebral haemodynamic disturbances. They clearly demonstrate the spatial evolution of the cerebral ischaemic injury as the exsanguination evolved. During incomplete cerebral ischaemia, the measurement of lesion volume as detected by ADC mapping predicted mortality. Larger ischaemic lesions detected by ADC map on the coronal section, which included the caudate putamen were associated with a more severe outcome (death or small focal damage). In the future, intraoperative DWI and PWI have the potential to facilitate the early detection of intracerebral haemodynamic disturbances, thus allowing a timely and effective response. Appendix MR imaging and data analysis MRI MRI was performed using a 4.7-T experimental imager/ spectrometer system (Unity INOVA, Varian, Palo Alto, CA, USA) with a 330-mm horizontal bore magnet equipped with shielded gradients (maximal strength, 65 mT m ±1 ) and an 80-mm-ID quadrature detection coil. The slice plane was standardized by ®rst obtaining preview spin-echo images. DWI Spin-echo DWIs (TR ms/TE ms=2000/64, 40-mm ®eld of view, 1283128 matrix, 2-mm section thickness) consisted of nine coronal slices covering most of the rat brain. Diffusion weighting was applied along all three axes (b=0 and 1100 s mm 
PWI
PWIs were acquired using a gradient echo imaging sequence (TR ms/TE ms=14/8, 10°¯ip angle, 40-mm ®eld of view, 64364 matrix, 2-mm section thickness, 1 image s ±1 ) to follow a fast bolus injection of magnetic susceptibility contrast agent. The single PWI slice was chosen to coincide with one of the DWI slices and the histopathology examination. ±2 . Signal intensity of PWIs was converted to the change in the T 2 rate, DR 2 *(t), using the standard equation: 27 28 DR 2 *(t)=ln [S(t)/S(0)]/TE where S(t) is the signal intensity at time t during passage of the contrast agent, S(0) is the baseline value of the precontrast signal intensity, and TE is echo time. As DR 2 *(t) is proportional to the contrast agent concentration±time curves, it can be used to estimate perfusion parameters.
MRI data analysis
Assessment of rCBV can be calculated by integrating the DR 2 *(t) time curve with respect to time. The behaviour of the physiological time series data as a contrast agent passes through the vascular bed is closely represented by the gamma-variate curve. 29 To generate rCBV data without the effects of contrast recirculation, the area under the ®tted gamma-variate curve was integrated.
An estimate of the vascular transit time (VTT) was obtained by subtracting the time of arrival of the contrast agent in the cerebral tissue from the ®rst moment of the ®tted gamma-variate curve. The estimates of VTT and rCBV were used to calculate the rCBF by using the equation of the central volume principle: 30 rCBF=rCBV/VTT where rCBF was determined for each pixel. 
